ABSTRACT Cloning by somatic cell nuclear transfer is an important technology, but remains limited due to poor rates of success. Identifying genes supporting clone development would enhance our understanding of basic embryology, improve applications of the technology, support greater understanding of establishing pluripotent stem cells, and provide new insight into clinically important determinants of oocyte quality. For the first time, a systems genetics approach was taken to discover genes contributing to the ability of an oocyte to support early cloned embryo development. This identified a primary locus on mouse chromosome 17 and potential loci on chromosomes 1 and 4. A combination of oocyte transcriptome profiling data, expression correlation analysis, and functional and network analyses yielded a short list of likely candidate genes in two categories. The major category-including two genes with the strongest genetic associations with the traits (Epb4.1l3 and Dlgap1)-encodes proteins associated with the subcortical cytoskeleton and other cytoskeletal elements such as the spindle. The second category encodes chromatin and transcription regulators (Runx1t1, Smchd1, and Chd7). Smchd1 promotes X chromosome inactivation, whereas Chd7 regulates expression of pluripotency genes. Runx1t1 has not been associated with these processes, but acts as a transcriptional repressor. The finding that cytoskeleton-associated proteins may be key determinants of early clone development highlights potential roles for cytoplasmic components of the oocyte in supporting nuclear reprogramming. The transcriptional regulators identified may contribute to the overall process as downstream effectors.
T HE oocyte is a remarkable cell. It harbors essential stored mRNAs, proteins, and other macromolecules to sustain and direct normal development until embryonic gene expression commences and until external nutrient supplies become available. The oocyte also has the unique ability to reprogram somatic cell nuclei to a totipotent state, a capacity that reflects its unique role during normal embryogenesis of uniting the two gamete genomes and converting them into an embryonic genome. A variety of approaches since the late 1800s investigated the nuclear reprogramming capacity of oocytes by manipulating the ooplasm-nucleus dialog, using blastomere ligature experiments, embryo splitting, embryonic cell nuclear transfer, and ultimately somatic cell nuclear transfer (SCNT). These methodologies have also been useful in determining the timing and mechanisms underlying other processes such as cell-fate restriction and lineage determination in the early embryo. Cloning studies can thus provide unique insight into the early formative processes that are essential to creating each new individual.
Ooplasmic components must mediate a myriad of key events to make cloned embryogenesis possible, and observing the execution of these events in cloned embryos can reveal previously unappreciated aspects of normal development. The first step of the cloning process entails chemical disruption of the cytoskeleton to enable removal of the spindle-chromosome complex (SCC). Next, the SCC is removed and discarded along with associated proteins and other macromolecules. The cytoskeletal architecture, which is key to supporting correct protein trafficking, intracellular signaling, and other essential processes, must eventually be repaired. The SCC-associated factors either are replenished or remain deficient (Miyara et al. 2006) . Upon introduction of the donor cell nucleus by either fusion or microinjection, the oolemma must be repaired. The oocyte must then disassemble the nuclear envelope of the donor nucleus, condense the chromosomes, and form a new pseudo-meiotic SCC (pmSCC) by reestablishing a spindle architecture and gathering the chromosomes onto the metaphase plate. This process recapitulates many key aspects of oocyte maturation, but chromosome homologs are not paired, chromosome congression is slow or incomplete, and the pmSCC is defective in many respects (Miyara et al. 2006; Han et al. 2010b) . Clone development is initiated by the artificial activation of the oocyte, either using electrical pulses or chemical mediators, and the mode of activation can alter later gene expression relative to embryos activated by fertilization (Ozil et al. 2006) . Polar body extrusion is prevented during the activation process through a second round of cytoskeletal disruption to maintain a diploid chromosome complement. After activation, the cloned embryo must undergo DNA replication and correct mitotic divisions during cleavage stages. Gene transcription must initiate before supportive ooplasmic macromolecules become depleted. The donor genome must be reprogrammed, a process that is believed to initiate with chromosome condensation in the oocyte, but likely continues well into cleavage, given the observed persistent differences between cloned and normal embryonic gene expression (Latham 2005; Vassena et al. 2007a,b) . Essential epigenetic information must be retained during the reprogramming process, but some epigenetic information may be lost during somatic development and will be absent in cloned embryos. The leisurely pace of nuclear reprogramming relative to the onset of embryonic gene transcription in clones results in many somatic cell-like features being manifested throughout cleavage development (Chung et al. 2002; Gao et al. 2003) . Because normal embryos differ markedly from somatic cells with respect to physiology and in vitro culture requirements, the persistence of these somatic characteristics means that cloned embryos likely must adapt to a less than optimum environment in vitro, and even in vivo following embryo transfer Latham 2004 Latham , 2005 Latham et al. 2007) .
Cloning methodologies have substantial practical value, enabling the propagation of valuable livestock and endangered species, and potentially the production of stem cells for therapeutic application. Since the birth of Dolly in 1996 (Campbell et al. 1996) , much effort has been invested in attempting to enhance the production of cloned animals by SCNT. Given the complex series of events that must occur for cloning to succeed, it is not surprising that many barriers to cloning success have been identified, including incomplete nuclear reprogramming, failure to reactivate X chromosomes and aberrant X chromosome inactivation, deficiencies in spindle formation and function, aneuploidy, loss of genomic imprints, aberrant regulation of DNA methyltransferases, and somatic cell-like features leading to altered culture requirements and metabolism (Eggan et al. 2000; Ohgane et al. 2001; Chung et al. 2002 Chung et al. , 2003 Humpherys et al. 2002; Gao et al. 2003 Mann et al. 2003; Latham 2005; Nolen et al. 2005; Miyara et al. 2006; Vassena et al. 2007a,b; Jiang et al. 2008; Han et al. 2010b Han et al. , 2008 Inoue et al. 2010; Matoba et al. 2011; Mizutani et al. 2012) . Deficiencies in spindle formation and embryonic aneuploidy have been addressed at least partially by augmenting the ooplasm supply of spindle-associated proteins (Han et al. 2010b) . Some genes are imprinted in early embryos but lose their imprints in somatic cells (Ogura et al. 2002; Wagschal and Feil 2006; Guillomot et al. 2010; Chavatte-Palmer et al. 2012) . Some imprints are normally retained only in the placenta. The loss of placenta-specific genomic imprinting in somatic donor nuclei could thus affect the placenta in clones. Loss of other imprints cell type specifically could affect cloning outcome in a donor cell type-specific manner. No clear remedy to imprinting defects or other defects has emerged. Limitations in nuclear reprogramming have remained a significant barrier in cloning by SCNT and have consequently received a great deal of attention by those seeking to enhance outcomes. Chemical agents that modify chromatin structure and alterations in the methods for removing the recipient oocyte spindle and chromatin have enhanced success in some situations (Akagi et al. 2011; Bui et al. 2011; Jafari et al. 2011; Kim et al. 2011; Wang et al. 2011; Whitworth et al. 2011; Terashita et al. 2012) . However, while exogenous chemicals or genetic manipulations of donor cell gene expression may enhance the practical application of cloning technologies, these innovations fall short of unveiling the endogenous molecules and mechanisms that an oocyte normally employs to create an embryonic genome. Moreover, enhancing other cellular processes in the cloned embryo could also enhance cloning success.
Identifying the endogenous oocyte factors that promote early cloned embryo development thus remains a valuable objective, for devising ways to improve cloning and for understanding normal development. Obviously, understanding the process of nuclear reprogramming is of widespread interest. Recent advances in identifying exogenous nuclear factors that can promote the establishment of pluripotency in cultured cells have provided new insight into potential reprogramming mechanisms. However, some of the proteins designated as pluripotency or stemness genes are not expressed in the early embryo (Mtango et al. 2011) , illustrating the importance of identifying the endogenous ooplasmic factors that regulate nuclear programming. It is equally vital to identify the ooplasmic factors that drive other crucial processes, such as energy production, macromolecular processing, cell division, cellular signaling, and maintenance of cell structure in the early embryos. Ooplasmic components that repair the cytoskeleton and cellular architecture, repair the plasma membrane, promote proper pmSCC formation, enable correct mitoses, initiate correct cell cycle transit, and suppress apoptosis may be key for cloned embryogenesis, with parallel roles in the normal embryo. Because the oxidative state of the cell can be compromised by in vitro manipulation and this can lead to long-term phenotypic change (Banrezes et al. 2011) , ooplasmic factors that regulate the oxidative state in clones may also be key. With so many processes potentially contributing to cloned embryogenesis, and the fundamental interest in understanding these processes in normal embryos, there is clear value in pursuing a systematic approach to identify genes that enable successful cloned embryo development.
We reasoned that identifying endogenous factors in oocytes that drive early development in SCNT embryos would be achievable using an unbiased genome scanning approach that can capture genes contributing quantitatively to SCNT outcome. We combined a mouse recombinant inbred (RI) mapping strategy with MII and GV stage oocyte gene expression data, gene network data and molecular pathway data, and subsequent quantitative analysis of mRNA expression. Using this composite systems genetics approach, we identified three chromosomal intervals that exert genetic control over SCNT embryo preimplantation development and a fourth potential interacting interval. Within these three quantitative trait loci (QTL) we identified a number of candidate genes for which differential expression is significantly associated with SCNT embryonic progression. The strongest genetic candidates correspond to cytoskeletal scaffolding proteins. Additional genes identified in the study encode known pluripotency regulators, transcription factors, and signaling proteins. Collectively, these results provide new insight into the cellular pathways that contribute to the viability of early stage embryos.
Materials and Methods
Mice, embryo culture, and SCNT Females of 29 BXD recombinant inbred strains were obtained from the Jackson Laboratory (Bar Harbor, Maine) at the age of 8-10 weeks. Females of the C57BL/6, DBA/2J (abbreviated as B6 and D2) and B6D2 F1 hybrid genotypes were also used. B6 stock was obtained from Harlan SpragueDawley. D2 stock was obtained from the Jackson Laboratory. B6D2 F1 hybrids were obtained from the National Cancer Institute. MII stage oocytes were obtained by superovulation using 5 IU equine chorionic gonadotropin (eCG) followed 48 hr later by 5 IU human chorionic gonadotropin (hCG). Cloned constructs and parthenogenetically activated embryos were created as described (Chung et al. 2006; Han et al. 2010a) . Clones were prepared using B6D2 F1 cumulus cells as donors for all recipients. SCNT constructs and parthenotes were cultured in MEMa medium supplemented with sodium pyruvate and BSA in a humidified 37°incuba-tor with 5% CO 2 in air as described (Han et al. 2010a ). This culture medium supports efficiently the development of SCNT embryos (superior to embryo culture formulations) and also supports B6D2 F1 parthenote development .
All studies were approved by the Temple University Institutional Animal Care and Use Committee, consistent with National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals, and with AAALAC accreditation.
BXD phenotype analysis
Twelve traits were analyzed using the suite of tools available at http://GeneNetwork.org (Andreux et al. 2012) . We used three of the mapping functions:
1. Interval mapping with the permutation test option was used to identify chromosome intervals and associated genes and markers linked to BXD trait values, and which haplotypes positively and negatively affected the traits. This tool uses a rapid regression method that compares trait values to the known genotype at a marker or the probability of a genotype at given location. 2. Marker regression analysis was used to compute the correlation between genetic variants at loci and phenotypes, and the fraction of strain variance accounted for by each locus. The analysis uses a Pearson product momentum correlation. Data were reported as likelihood ratio statistic (LRS), which provides a measurement of the association between a trait and genetic markers; a significance threshold of P , 0.05 is used. The threshold for suggestive LRS values, indicative of potential correlations worthy of further examination, is set at P , 0.63. Analyses were performed with and without parental strain data. 3. Composite interval mapping was used to search for possible secondary loci that might be masked by primary loci with genome-wide significant LRS scores. This utility factors out the effect of a primary locus so that any relevant secondary loci can detected. The GeneNetwork utility uses mouse genome build 37.2.
qRT-PCR and statistical analysis
Quantitative real-time RT-PCR was performed using the Applied Biosystems (ABI, Life Technologies, Carlsbad, CA)
Step One Plus system. Primers employed are described in Supporting Information, Table S1 . A minimum of three pools of 15-25 oocytes were obtained for each strain. The zonae pellucidae of MII stage oocytes were removed using acidified Tyrode's buffer (pH 2.5). Total RNA was isolated using the Picopure RNA isolation kit (Life Technologies) according to the manufacturer's recommendation and reverse transcribed using the Superscript III kit (Life Technologies). To provide maximum reproducibility and highest quality data, the PCR analysis was performed without further library amplification. Quantitative real-time PCR was performed using TaqMan gene expression assays according to the ABI protocol. The abundance of each target gene mRNA was normalized to the endogenous Laptm4b mRNA for sample-to-sample comparisons. The relative expression ratios among different groups were obtained by the comparative CT method (Livak and Schmittgen 2001) using the Step One software v. 2.1. Pearson correlation coefficients were calculated to evaluate the relationships among the expression levels for the various candidate genes. Gene expression levels were also analyzed for a relationship to the 12 phenotypic traits and to each other.
Results

Study design
Our goal was to identify genes expressed in the oocyte that underlie successful early development in SCNT embryos. Achieving this would advance cloning biology, our understanding of oocyte biology and determinants of oocyte quality, and our understanding of early formative processes in the embryo. The unique capacity of oocytes to reprogram differentiated somatic genomes to an embryonic state implies that unique nuclear reprogramming factors may be expressed in the oocyte. Genes that meet the specific energy needs of nuclear reprogramming could be key facilitators of the process. Genes that code for cytoplasmic components that facilitate protein localization and intracellular signaling could be vital factors to successful cloned embryogenesis. Additionally, genes that support embryo health and viability, inhibit apoptosis, regulate meiotic and cell-cycle progression, and promote homeostasis could participate in determining the success of early cloned embryogenesis and could be sensitive to the dialog between donor genome and ooplasm. In view of the extensive and unique array of ooplasmic factors that could contribute to nuclear reprogramming and early cloned embryo development, we reasoned that an unbiased genome-wide approach was the only plausible means of identifying the major ooplasmic factors that control early SCNT outcome. We therefore adopted a genome scanning approach to identify QTL that contribute to successful development of SCNT constructs to the blastocyst stage. A schematic summary of our overall strategy is provided in Figure 1 . The success of any genome scanning approach is determined in part by the genetic resolution offered by the genetic reference population and by the number of genotypes assayed. Mouse RI strains have been used for .25 years for identifying loci that control many phenotypic traits, and one of the most extensive families of RI mice available is the BXD family. The BXD family of RI strains encompasses 150 lines (80 available from the Jackson Laboratory and 70 available from the University of Tennessee Health Science Center) and segregate for 4.8 million SNPs and 500,000 insertions/deletions, copy number variants, and inversions (Wang et al. 2010b ) providing a high degree of precision in mapping. Our previous studies revealed a genetic difference between B6, D2, and B6D2 F1 oocytes to support development of SCNT embryos made with B6D2 F1 cumulus cells . Oocytes from B6D2 F1females support superior preimplantation development and successful term development. Oocytes from B6 females also support preimplantation development but at a lower rate compared to B6D2 F1 oocytes. Oocytes from D2 females do not support efficient clone development beyond the twocell stage. Thus, the BXD RI panel of mice provided the appropriate genetic resource for quantifying, mapping, and ultimately identifying genes that determine the ability of an oocyte to support early development in SCNT embryos.
Development was scored for cloned constructs as follows: percentage progression from cloned construct to the twocell stage, percentage progression from two-cell to four-cell stage, percent progression from four-cell to blastocyst stage, and percentage progression from two-cell to blastocyst stage. The first three measures examine progression through particular windows of development, whereas the progression from two-cell to blastocyst stage examines the overall conversion rate from the time of embryonic genome activation to blastocyst. The transition to the two-cell stage indicates that the embryo had the capacity to form pronuclei (pseudopronuclei in SCNT embryos), replicate DNA and transit the cell cycle, and complete mitotic division successfully. Passage through the first cell cycle is controlled by maternal stores of mRNA, proteins, and other macromolecules, as gene transcription is not required (Mtango et al. 2008) . The first S phase of mouse embryogenesis is required to establish the ability to transcrib the genome (Latham and Schultz 2001) . The two-cell stage is notable for the occurrence of the major transcriptional activation Figure 1 Schematic summary of approach for identifying candidate genes for oocyte factors regulating early development of SCNT embryos. The pathway from phenotype analysis of 28 BXD strains, interval mapping, and then use of diverse sources of published data (Table S5) and qRT-PCR data generated in this study (Tables S6 and S7 ) to narrow progressively the number of candidate genes from 195 to 26 (Table 3) is shown.
event, degradation of much of the remaining maternal mRNA, and the transition to reliance on embryonically encoded mRNAs for development. The second S phase in the mouse embryo is required to establish the ability to regulate gene expression, as transcriptional enhancers become necessary (Latham and Schultz 2001) . The successful transition from two-cell to four-cell stage indicates successful activation of the embryonic genome. A second major transition in gene expression accompanies progression through the eight-cell stage (Latham et al. 1992; Hamatani et al. 2006) , and as development progresses from four-cell to morula and blastocyst stages, cells in the embryo acquire developmental bias in fate, with innermost cells being more likely to contribute to the inner cell mass and the definitive embryonic lineages, while the outer cells are more likely to contribute to the extraembryonic trophoblast lineage (Chen et al. 2010) . Conversion from four-cell to blastocyst stage reflects the successful establishment within SCNT embryos of the ability to accomplish such key early developmental benchmarks. By assessing developmental progression through these different developmental windows, insight can be gained concerning genes that may contribute to these key events and which transitions particular genes may be promoting. It is noted that the effects of maternally inherited mRNAs and proteins deposited in the oocyte need not be limited to the first cell cycle. Such factors can execute early actions that have long-term secondary effects (e.g., modulating embryonic gene expression) or can persist during cleavage and exert effects at later stages.
The SCNT developmental values reveal quantitative differences in the overall success of SCNT preimplantation development. The same developmental parameters were calculated for parthenogenetic embryos. The parthenogenetic values provide insight into genetic variations affecting oocyte quality and activation and subsequent embryo cleavage. Parthenotes were chosen because they are subjected to the same chemical activation procedure and are derived from the same pools of oocytes used to generate the cloned embryos. The inclusion of parthenotes in this study also provided an opportunity to observe genetic effects on these processes aside from addressing the genetic control of SCNT outcome. Additionally, the ratios of SCNT:parthenote values were calculated for each of the four parameters. The SCNT:parthenote ratio provides potential insight into effects on processes or nucleus-ooplasmic interactions in SCNT embryos independent of those that affect parthenote development. Essentially, the parthenote data reveal a baseline effect of each genotype on early development, and the SCNT:parthenote ratio provides an indication of genetic variation in cloning outcome that is distinct from this baseline. Collectively, these calculations yielded 12 traits that were subjected to genetic analysis.
Due to cost limitations and labor inherent in determining oocyte strain effects on SCNT outcome, the number of BXD strains that could be tested was limited. We obtained females from 29 of the original BXD strains; one of these (BXD20) was later reported by the vendor to be genetically contaminated and was excluded from the study. Oocytes from the remaining 28 strains were tested for their ability to support SCNT embryo development and their ability to support parthenogenetic embryo development. We monitored development for cloned constructs and diploid parthenotes prepared with oocytes from these 28 BXD strains, from B6 and D2 strains, and from B6D2 F1 hybrids.
QTL mapping of oocyte traits related to SCNT and parthenogenetic embryo development
To identify QTL associated with cloning outcome, we tested the abilities of oocytes for each BXD strain to support developmental progression in clones in three to five separate replicates. The universal somatic cell donor nucleus was a B6D2 F1 cumulus cell. Between 138 and 307 cloned constructs were prepared for each strain, with a total of 5730 cloned constructs being assayed. An additional 2793 constructs were assayed for the B6, D2, and B6D2 F1 genotypes, for a total of .8500 cloned constructs assayed. A total of 2612 parthenotes were tested for the BXD strains and 472 for the B6, D2, and B6D2 F1 genotypes.
For SCNT embryos, most BXD strains supported development to the two-cell stage, some even exceeding the value for B6D2 F1 oocytes, but some strains supported two-cell development very poorly (BXD12, BXD33, BXD42) ( Table 1) . Progression from two-cell to four-cell stages was .50% for eight strains, between 20 and 50% for nine strains, and , 20% for 11 strains. Progression from the two-cell stage to blastocyst stage was .20% for only two strains (BXD11 and BXD27), which is comparable to rates of 20.9 and 27.4% for the B6 and B6D2 F1 genotypes. This suggests that multiple loci are likely to control this overall transition from first cleavage to blastocyst formation. For progression from the four-cell stage to blastocyst stage, seven strains supported development at .30%, comparable to 37.9 and 36.3% for B6 and B6D2 F1 oocytes, indicating that a small number of loci may control the four-cell to blastocyst transition.
Parthenogenetic development proceeded for most strains, but some strains displayed severely reduced rates of activation and progression to the two-cell stage (BXD12, BXD33, BXD42) and/or reduced development beyond the two-cell or four-cell stages ( Table 1 ). The D2 strain displayed efficient parthenogenetic development to the two-cell stage but restricted development thereafter. These data thus reveal significant genetic effects on oocyte activation and cleavage that are likely independent of the SCNT procedure, but that nevertheless contribute to the overall outcome of the procedure.
The data from Table \1 were subjected to interval mapping and marker regression analysis using the tools at GeneNetwork.org. Analysis of the results for the four SCNT embryo development traits yielded a major controlling locus on chromosome (chr) 17, and additional loci on chr 1 and 4 ( Table 2 ). The region on chr 17 (map position 69.1492-71.10156 Mb) was returned by trait analysis with a significant LRS value for both the two-cell to four-cell conversion and the two-cell to blastocyst conversion, when the BXD data were analyzed without including parental strain data, and displayed a suggestive LRS value with parental strain data included. A second region with a significant LRS value was seen on chr 4 (map position 13.03102-13.76499 Mb) for the two-cell to four-cell conversion trait without parental strain data and displayed a suggestive LRS value when parental strain data were included. For both the chr 4 and chr 17 regions, a D2 haplotype was positively associated with SCNT development. A third region showing a significant LRS value, seen with the transition from the two-cell to blastocyst stage, was observed for chr 1 (map position 40.99094-42.21652 Mb) when parental strain data were included and was just below the significance threshold (but retained a suggestive LRS value) without parental strain data included. For the chr 1 region, a B6 haplotype was positively associated with SCNT embryo development. Each of these regions was flanked by additional markers that displayed suggestive LRS values.
The above three regions on chr 1, 4, and 17 were the only regions to achieve statistical significance in any of the 12 traits assayed. An additional region on chr 9 displayed suggestive LRS values for three of the SCNT traits and also displayed suggestive LRS values for parthenogenetic development from two-or four-cell stage to blastocyst, accompanied by a region on distal chr 13 (Table S2) . Additional suggestive LRS values were obtained for other regions on chr 6, 8, 13, and 16 when analyzing the SCNT:parthenote ratios (Table S3 ). To test whether any of these regions displayed significant interactions with the regions on chr 1, 4, and 17, we applied composite interval mapping to the SCNT trait data with or without parental strain data included (Table S4 ). Without parental strain data included, we identified two small regions on chr 6 that yielded suggestive LRS values for interactions with markers in the chr 17 region when examining the two-cell to blastocyst conversion trait without parental strain data. With parental strain data included, the same trait yielded markers on chr 7 and 11 with suggestive LRS values for interactions with markers in the chr 1 region.
Overall, these data indicate that there is a primary QTL on mouse chr 17 that is correlated with multiple trait measures of preimplantation SCNT developmental progression, that additional intervals on chr 1 and 4 display significant LRS values for associations with SCNT development, and that other interacting loci (particularly the ones on chr 6) may Values show the percentage progression from SCNT construct to two-cell stage, from two-cell to four-cell stage, from two-cell stage to blastocyst stage, and from four-cell stage to blastocyst. Development was scored for SCNT embryos and for parthenotes made with oocytes from the 28 strains. The ratio of SCNT:parthenote development was also calculated for each strain.
also exist. Additional genotypes would need to be tested to provide a robust test of the relevance of these other loci to SCNT embryo development; hence these loci were not pursued further in this study. It is noted that the BXD strains and the B6 and B6D2 F1 mice employed in these analyses encompass different B6 substrains; BXD mice are based on B6J substrain while Harlan B6 and NCI B6D2 F1 mice are based on the B6N substrain. However, the LRS intervals on chr 4 and 17 were identified as significant using the BXD strain data without the parental data and were scored as suggestive with the parental data added, while the chr 1 locus was significant with parental data and scored as suggestive without the parental data included. Hence, the identification of these three candidate intervals was unlikely to be affected by minor genetic variation between the B6N and B6J substrains. It is also noted that, while genetic polymorphisms exist between these substrains and can affect phenotype, the two substrains are quite close genetically. One study reported just 11 of 1446 SNPs variant between B6J and B6N (Mekada et al. 2009) , and another reported just 12 of 1449 SNPs as variant (Zurita et al. 2011) . Another study reported the two substrains differ in 12 of 342 microsatellite markers surveyed (Bothe et al. 2004) . Genome sequencing revealed just 150 SNPs between the two substrains (Bryant 2011) and commercial vendors advertise 95-128 diagnostic SNP panels for discriminating B6 substrains. These studies also reveal that the different B6 substrains are closely related to each other. By contrast, the B6 and D2 strains are genetically distant from one another (Taylor 1972) . We observed little difference in mRNA expression ratios for three mRNAs selected to compare results for oocytes from females obtained from the Jackson Laboratory and Harlan Sprague-Dawley (data not shown). The dramatic difference between B6 and D2 inbred genotypes in cloning outcome would make an effect of substrain genetic background on the QTL mapping result unlikely, accounting for the emergence of the candidate loci with and without parental strain data included in the analysis.
Initial evaluation of candidate genes
The combined three significant LRS regions and the flanking suggestive regions collectively encompassed 195 genes. Our next goal was to identify a subset of these genes to be examined in detail for association with oocyte cloning phenotype. Using a systems genetics approach, QTL mapping can be combined with other data (gene expression, polymorphisms, gene ontology) to achieve an identification of specific genes or combinations of genes that may contribute to a specific phenotype, in this case the ability of the oocyte to support early SCNT embryo development. We incorporated available transcriptome profiling data for B6, D2, and B6D2 F1 hybrid MII and germinal vesicle stage oocytes, as well as knowledge of biological function and cellular compartment localization and oocyte proteome data (Wang et al. 2010a) , to narrow the lists of candidate genes for further study. Candidate genes were further scrutinized on the basis of sequential qRT-PCR expression analyses. The combination of these additional data for individual gene characteristics narrowed markedly the array of candidate genes. The presence and numbers of SNPs upstream of the 59-UTR and within protein-coding regions were also noted, as polymorphisms within the coding regions could affect a trait independent of gene expression level. From the three candidate intervals defined by the significant LRS values and flanking suggestive LRS value intervals, we identified 36 genes for detailed study (Table 3) . A detailed summary of the gene characteristics and expression data supporting our focus on this set of 36 genes is given in Table S5 . Because the http://GeneNetwork.org application uses genome build 37.2, Table S5 incorporates map locations for this build as well as build 38; assignment to intervals with significant LRS values was based on build 37.2 positions, for consistency with the http://GeneNetwork. org application. We first characterized genes on the basis of detection and maximum raw intensity values observed with Affymetrix MOE430v2 arrays corresponding to MII stage oocytes from B6, D2, and B6D2 F1 strains (note that these arrays employed mice from the Jackson laboratory). The array data set (unpublished) incorporated four replicate arrays for each strain for the MII and germinal vesicle stages. Array data displayed robust quality control parameters consistent with previously reported arrays for oocyte samples from mouse and other species (Pan et al. 2005; Lee et al. 2008) . Genes with no detected expression on the MII array were excluded from further consideration. The remaining genes were evaluated as candidates for further study on the basis of maximum array average intensity values, array fold changes between strains, qRT-PCR expression ratios between B6, D2, and B6D2 F1 oocytes, biological functions, and cellular compartmentalization. Genes meeting a combination of at least 500 maximum raw intensity value on array, at least twofold change on array, and at least 10% change in qRT-PCR among oocyte samples for B6, D2, and B6D2F1 genotypes were included for further study. For genes showing weak or no expression in MII stage oocytes, germinal vesicle stage arrays were consulted to account for possible protein contributions to MII oocyte phenotypes, where the mRNAs might be degraded during oocyte maturation. Pseudogenes were excluded. Absence of functional annotation was also a criterion for excluding genes lying outside of the intervals with significant LRS values. The miRNA genes were excluded due to the limited role of miRNAs in oocytes and embryos (Svoboda 2010) . Genes encoding noncoding RNAs outside of the significant LRS intervals and with no probe coverage on the array were not examined. Genes encoding secreted proteins, components of the extracellular matrix, mitochondrial proteins, cell adhesion proteins, and DNA repair proteins were deemed of lower priority. Germinal vesicle and MII oocyte proteome data were also examined to identify genes with expression at the protein level. Most genes excluded from detailed study were excluded on the basis of a combination of criteria.
Highest priority for further study was assigned to genes in the regions with significant LRS values. The chr 1 region encompassed one pseudogene. This region was flanked by another pseudogene and one noncoding RNA gene for which expression was not detected in oocytes by qRT-PCR. Additional chr 1 genes centromeric to this region were included in the analysis, as described below. The chr 4 region encompassed two pseudogenes and a single protein-coding gene, Runx1t1. The chr 17 region encompassed 13 genes. Four of these were pseudogenes, one was a noncoding RNA poorly expressed on the array, and three were uncharacterized sequences or characterized as predicted protein coding gene. Two genes were excluded on the basis of a weak signal and small expression differences on arrays. The remaining chr 17 genes included in the study were Epb4.1l3, Zfp161, and Dlgap1 (Table 3 and Table S5 ).
Other genes within the flanking suggestive intervals on chr 1, 4, and 17 were evaluated for further study. For the chr 1 region, an immediately flanking noncoding RNA (4930448I06Rik) with no reported expression in oocytes or embryos was examined by qRT-PCR with no detected expression and was therefore excluded. Eleven other genes centromeric to the significance interval were examined, including genes immediately adjacent to the noncoding RNA gene. For the chr 4 interval, an adjacent long noncoding RNA gene (Gm11818) was examined, but excluded due to little expression difference between B6, D2, and B6D2 F1 oocytes by qRT-PCR. Nine additional candidates were selected from this flanking suggestive interval. For the chr 17 flanking suggestive intervals, 11 genes were selected for detailed study. Two genes (Myl12a and Myl12b) related to myosin contractility and cellular shape change were not included in the initial analysis due to uncertain functional relevance and limited difference in expression on arrays; one of these (Myl12a) was subsequently tested on the B6, D2, and B6D2 F1 genotypes by qRT-PCR (Table S5 ) but was not subjected to full analysis. Some genes located in the suggestive chr 17 intervals were excluded from further consideration because of reported cell type-specific expression and functions. One additional gene (Memo1) on chr 17 related to cell motility was excluded on the basis of its reported function. Taking into account the available array data, and the other data summarized in Table S5 , including data obtained by qRT-PCR for expression B6, D2, and B6D2 F1 oocytes, we incorporated an additional 32 genes from these chr 1, 4, and 17 suggestive intervals, for a total of 36 genes studied in detail (Table 3 and Table S5 , green highlight in column 1).
These 36 genes were first tested for differences in expression between three BXD strains that displayed maximum developmental outcomes (BXD11, BXD22, and BXD40) and three that displayed minimum developmental outcomes (BXD1, BXD16, and BXD29) for cloned embryo preimplantation development. Limiting our initial analysis to genotypes at the two extremes of phenotype distribution minimized the costs associated with collecting sufficient numbers of MII stage oocytes needed for qRT-PCR without benefit of mRNA amplification. Of these 36 genes tested (Table S6) , 10 were excluded from further study because they showed either no or limited correlations with the four SCNT traits monitored.
Four of the remaining 26 genes failed to display a strong correlation with the phenotypes of these six BXD strains, but were retained for further study because they encode biological functions deemed of high potential relevance or because they lie within or very near the intervals displaying significant LRS values. This yielded a final list of 26 genes for analysis on the entire set of 28 BXD strains used in our analysis (Table 3) .
Single gene expression correlations with SCNT developmental traits for Chr 1, 4, 17 regions
To identify those genes most likely to contribute to cloning outcome, our next goal was to identify from among this list of 26 candidates, the genes that manifested significant correlations between expression and phenotype. We evaluated correlations between gene expression and the SCNT embryo and SCNT:parthenote developmental phenotypes for the 28 BXD lines (Table S7 ). We initially excluded B6, D2, and B6D2 F1 genotype expression data, and then examined the effects of including these genotypes. We also compared associations with SCNT traits alone and associations seen in the SCNT:parthenote ratios. This provided a means of detecting relationships that were specific to SCNT development. Enhancement or acquisition of a significant association revealed in the SCNT:parthenote values relative to SCNT trait values indicates a partial component of the SCNT phenotype that is specific to SCNT biology. Disappearance of an association indicates a predominant effect that is not specific to SCNT biology. An association seen in both SCNT and SCNT:parthenote traits indicates an association with a large SCNT-specific component. Because such associations are quantitative and reflect additive components, effects related specifically to SCNT development could be seen even without significant associations in parthenotes.
The chr 1 interval displaying a significant LRS value encompasses one pseudogene and is adjacent to another pseudogene and a noncoding RNA gene (4930448I06Rik, no expression detected). These genes were excluded from further consideration. Immediately centromeric to this region, however, are two genes, Mfsd9 and Tmem182. The Tmem182 gene, which lies immediately adjacent to the significance interval, displayed highest expression in B6 oocytes (Table 4 ). The expression of Tmem182 was strongly and negatively correlated with SCNT embryo development for three of the SCNT traits scored (two-cell conversion to four-cell and blastocyst, and four-cell conversion to blastocyst) ( Table 4 and  Table S7 ), which is at odds with the positive effect of the B6 haplotype in this region with outcome. With B6, D2, and B6D2 F1 genotypes included, the Tmem182 association retained significance only for the conversion from four cell to blastocyst. No associations were seen for SCNT:parthenote developmental ratios, indicating that the associations seen with SCNT embryos were largely not specific for SCNT development. The Mfsd9 mRNA was also expressed more highly in B6 than D2 oocytes, but to a lesser degree. Mfsd9 expression displayed a single significant negative correlation with SCNT embryo progression from the four-cell stage to blastocyst. With B6, D2, and B6D2 F1 genotypes included this association fell below the level of significance. With the SCNT: parthenote ratio, however, Mfsd9 gene expression displayed a strong positive association with development from the twocell to four-cell stage and then strong negative associations with development from the two-cell and four-cell stages to blastocyst, both with and without B6, D2, and B6D2 F1 genotypes included. Thus, of these two genes, only Mfsd9 displayed a positive association between expression and any developmental trait measured, consistent with the positive effect of the B6 haplotype, and this was for early progression to the four-cell stage and specific to cloned embryo development. This effect seems to overcome a negative effect seen for parthenotes. The later negative SCNT-specific association, however, indicates stage specificity to the SCNTspecific component.
The chr 4 interval having a significant LRS value contains a single gene, Runx1t1. There was not a strong difference in expression between B6 and D2 oocytes, and the mRNA was only modestly elevated in F1 oocytes (Table 4) . Runx1t1 expression displayed a significant negative association with progression from the four-cell to blastocyst stage for SCNT and SCNT:parthenote traits without B6, D2, and B6D2 F1 genotypes included (Table 4 and Table S7 ). With B6, D2, and B6D2 F1 genotypes included, Runx1t1 expression displayed a marginally significant negative association with SCNT embryo development from the four-cell to blastocyst stage (P = 0.0639), a significant positive association with the SCNT:parthenote two-cell to four-cell development and a negative association with SCNT:parthenote four-cell to blastocyst development. Thus, there was an enhancement of associations in the SCNT:parthenote traits, indicating a significant negative association specific to cloning.
The chr 17 interval with a significant LRS value encompasses two genes analyzed on all 28 strains (Epb4.1l3 and Dlgap1); a third gene (Zfp161) failed to show significant associations with the first 6 BXD lines and so was excluded from further study (Table S6 ). This region is flanked by an immediately distal gene (Tgif1) and a more centromeric gene (Arhgap28), both of which were analyzed. The Epb4.1l3 gene displayed a much higher level of expression in D2 oocytes than either B6 or B6D2 F1 oocytes, and B6D2 F1 oocytes expressed this mRNA nearly twice as highly as B6 oocytes. The Dlgap1 and Arhgap28 mRNAs were greatly reduced in D2 oocytes and more modestly reduced in B6D2 F1 oocytes. The /, significant association with trait with B6, D2 and B6D2F1 data included; \, significant association with trait without B6, D2 and B6D2F1 data included; X, significant association with trait with and without B6, D2, and B6D2F1 data included; ( ), negative correlation of expression with developmental trait; *, marginal significance with parental data included.
Epb4.1l3 gene displayed significant positive associations of expression with SCNT development from two-cell stage to four-cell and blastocyst stages with and without B6, D2, and B6D2 F1 genotypes included (Table 4 and Table S7 ), consistent with the elevated expression in D2 oocytes and the positive effect of the D2 haplotype on SCNT traits (Table  2) . Despite the positive association with SCNT traits, a negative association was seen between Epb4.1l3 and the SCNT: parthenote four-cell to blastocyst development, with or without B6, D2, and B6D2 F1 genotypes included. This was not seen in the SCNT traits, and thus was a specific component related to cloned embryo biology. The Dlgap1 gene displayed several negative expression associations with SCNT two-cell to four-cell and blastocyst development. These were not apparent for the SCNT:parthenote traits, but a significant negative association was seen for SCNT:parthenote two-cell to blastocyst conversion without B6, D2, and B6D2 F1 genotypes included. These associations were consistent with lower expression in D2 oocytes and the positive effect of D2 haplotype on development. Dlgap1 displayed a positive association between expression and SCNT two-cell to blastocyst conversion with B6, D2, and B6D2 F1 genotypes included, but this was also absent with the SCNT:parthenote traits. Arhgap28 displayed strong, significant negative associations of expression with the SCNT two-cell conversion to four-cell and blastocyst and four-cell to blastocyst conversion both with and without B6, D2, and B6D2 F1 genotypes included. This was also evident in the two-cell to four-cell SCNT:parthenote developmental values with and without B6, D2, and B6D2 F1 genotypes, indicating that this association may be largely specific to cloned embryos. This association is consistent with the low expression in D2 oocytes and the positive effect of the D2 haplotype for this region (Table 4 and Table S7 ). Tgif1 expression displayed a significant negative association of expression with SCNT four-cell to blastocyst conversion and a positive association with SCNT:parthenote two-cell to four-cell conversion rate, both with and without B6, D2, and B6D2 F1 genotypes included, and a positive association with the SCNT:parthenote zygote to two-cell conversion rate indicating a SCNT-specific relationship early during cleavage (Table 4 and Table S7 ). Thus, of the genes within or near the chr 17 significance interval, Epb4.1l3, Dlgap1, and Arhgap28 display the most extensive relationships between expression and developmental outcomes. In addition to genes within the intervals with significant LRS values (and those immediately flanking the significance region on chr 1), some genes within the flanking suggestive intervals displayed significant associations of expression with one or more of the SCNT and SCNT:parthenote traits (Table 4 and Table S7 ). Most prominent among these were chr 17 genes Ndc80 and Smchd1, and the transcriptionally coupled chr 1 genes Txndc9 and Eif5b, each negatively correlated with three to four SCNT traits, with and without B6, D2, and B6D2 F1 genotypes included.
The negative associations seen for Txndc9 and Eif5b are consistent with higher expression in D2 oocytes but positive effects of the B6 haplotype at this region. Txndc9 and Eif5b were generally coregulated as expected for genes that share regulatory elements, having strong associations of expression with three of the SCNT traits, but for the SCNT:parthenote traits these associations were not apparent, except for Txndc9 for the four-cell to blastocyst conversion and Eif5b for the two-cell to four-cell conversion. The associations between expression and development for these two genes were thus not specific to cloned embryogenesis.
The negative association seen for chr 17 gene Ndc80 expression is consistent with the lower expression level in D2 oocytes and the positive effect of the D2 haplotype at this region. Conservation of this relationship in the SCNT:parthenote two-cell to blastocyst conversion trait indicates a specific component of cloned embryo development. A similar agreement is not as apparent for Smchd1, for which expression was only slightly different between strains. A significant negative association of Smchd1 expression was seen for the SCNT:parthenote two-cell to four-cell conversion trait without B6, D2, and B6D2 F1 genotypes included. Although parthenote development from two-cell to four-cell stage also displayed this association, its persistence at the level of SCNT:parthenote ratio indicates a specific negative contribution to clone development.
The chr 1 gene D1Bwg0212e (also known as C2orf29) displayed a significant negative association of expression with SCNT two-cell to blastocyst conversion without B6, D2, and B6D2 F1 genotypes included and with SCNT fourcell to blastocyst conversion, both with and without B6, D2, and B6D2 F1 genotypes included. A positive association of expression was acquired, however, for SCNT:parthenote two-cell to blastocyst conversion with B6, D2, and B6D2 F1 genotypes included, indicating a potential beneficial effect specific to cloned embryos. D1Bwg0212e expression was slightly elevated in B6 compared to D2 oocytes, potentially contributing to a positive effect of the B6 haplotype. The chr 1 gene Phf3 displayed no significant difference in expression between B6, D2, and B6D2 F1oocytes, a single negative association for the two-cell to four-cell SCNT conversion, and conflicting associations among the SCNT:parthenote traits indicating possible stage specific effects in cloned embryos.
The chr 4 gene Chd7 displayed elevated expression in B6D2 F1 oocytes, plus a positive association of expression with SCNT two-cell to four-cell conversion with B6, D2, and B6D2 F1 genotypes included. For the SCNT:parthenote traits, Chd7 mRNA expression was positively associated with formation of two-cell embryos. Thereafter, it was negatively associated with SCNT:parthenote traits of two-cell and fourcell conversions to blastocyst stage with and without B6, D2, and B6D2 F1 genotypes included, indicating a significant SCNT-specific function in later cleavage. The chr 4 gene Ccne2 displayed significant negative associations of expression with the two SCNT traits of zygote to two-cell and four-cell to blastocyst conversion, at odds with the higher expression value for D2 oocytes. However, Ccne2 displayed positive associations with the SCNT:parthenote traits for two-cell conversion to four-cell and blastocyst, with and without B6, D2, and B6D2 F1 genotypes included, indicating an SCNT-specific component of its actions. Another chr 4 gene, Car8, displayed lower expression in D2 oocytes plus significant negative associations of expression with the two SCNT traits of two-cell to four-cell and two-cell to blastocyst conversion with and without B6, D2, and B6D2 F1 genotypes included. The negative association was reiterated for SCNT: parthenote ratio of two-cell to four-cell conversion with and without B6, D2, and B6D2 F1 genotypes included. A positive association for Car8 expression was seen for SCNT:parthenote four-cell to blastocyst conversion, indicating a second SCNT-specific component to its effect. Asph displayed elevated expression in D2 and F1 oocytes, positive associations with SCNT:parthenote ratios for development, and negative associations with parthenote development.
Another chr 17 gene, Ypel5, displayed a slightly increased expression value for D2 compared to B6 oocytes, along with positive associations of expression with two-cell to four-cell and two-cell to blastocyst conversions for both SCNT and SCNT:parthenote traits, both with and without B6, D2, and B6D2 F1 genotypes included. The effects of Ypel5 thus appeared to have a strong SCNT-specific component independent of more general effects occurring in parthenotes (none observed). The Spast gene displayed modestly reduced expression in D2 compared to B6 oocytes, along with significant negative associations with two-cell to four-cell and twocell to blastocyst SCNT conversions, with and without B6, D2, and B6D2 F1 genotypes, an association with four-cell to blastocyst conversion without B6, D2, and B6D2 F1 genotypes included, but no associations with SCNT:parthenote traits, indicating that its effects are relatively nonspecific for SCNT development.
Single gene correlations between expression and parthenote development
Processes shared between SCNT embryos and parthenotes may affect SCNT developmental characteristics. The data for parthenote development provide an opportunity to delineate further gene expression effects that are attributable specifically to nuclear reprogramming and SCNT development and an opportunity to dissect effects on oocyte activation and development in the absence of paternally derived chromosomes. With respect to genes associated with the intervals having significant LRS values, gene expression associations for Runx1t1, Epb4.1l3, Mfsd9, and Arhgap28 were generally not consistently seen in the parthenote traits, whereas associations observed for Tmem182 and Tgif1 were seen for parthenotes, with and without B6, D2, and B6D2 F1 genotypes included (Table 4 and Table S8 ). There was a negative association of Epb4.1l3 expression with parthenote conversion to the two-cell stage. Many of the effects seen for Smchd1, Ypel5, Dlgap1, Spast, and two of the Ndc80 associations were also not seen extensively for parthenotes, with or without B6, D2, and B6D2 F1 genotypes included.
Effects seen for chr1 genes Eif5b, Txndc9, and D1Bwg0212e were also present for parthenotes, and thus were not specific to SCNT embryos. With respect to unique associations of gene expression with parthenote development, the most prominent effect was seen for Lclat1, having significant negative associations with all four parthenote traits, but also for two SCNT:parthenote traits.
Testing of correlations in expression between genes
The genetic data indicate cooperative interactions between multiple loci. Additionally, the gene expression data above indicate that more than one of the genes tested likely contribute to processes that specifically affect cloning outcome. We therefore tested for cooperativity between genes at the level of mRNA expression that could contribute to phenotype. This analysis focused on genes displaying individual expression correlations with phenotype. The primary significant LRS interval on chr 17 encompasses two genes (Epb4.1l3 and Dlgap1) and nearby Arhgap28, all of which fulfill expectations of differential expression between B6 and D2 oocytes, haplotype effect, and expected associations between expression and developmental outcomes among BXD strains. Five other chr 17 genes (Smchd1, Tgif1, Ndc80, Lclat1, Ypel5) exerted lesser effects or effects only partially specific to SCNT embryos. For the chr 4 interval, the Runx1t1 gene remains as the only candidate within the defined significance interval, and although it does not show a strong fit to the expected pattern, it displays an association with SCNT four-cell to blastocyst conversion independent of any parthenote effects, indicating that it likely contributes to overall outcome for cloned embryos. Four other chr 4 genes (Car8, Asph, Chd7, Ccne2) may also contribute to SCNT embryo development. For the chr 1 interval, the Mfsd9 gene from near the significance interval appears most likely to contribute to outcome. Two other genes from chr 1 (Phf3 and D1Bwg0212e) may contribute to clone development, whereas Txndc9 and Eif5b may exert nonspecific effects. Thus, of the 26 genes tested on all 28 strains, 5 stand out as major candidates, and another 11 display an elevated likelihood of providing supportive contributions (Figure 2 ). To gain further insight, we tested for cooperativity among genes in terms of expression correlation with developmental outcomes (Table S8 ).
The Epb4.1l3 mRNA displayed significant positive expression correlations with Dlgap1, Mfsd9, Ypel5, Runx1t1, Chd7, and Esrp1 and significant negative correlations with Arhgap28, Ndc80, Spast, Txndc9, Smchd1, Phf3, and Eif5b. The Dlgap1 mRNA displayed significant positive correlations in expression with Epb4.1l3, Arhgap28, Mfsd9, Ndc80, Chd7, Esrp1, Car8, and Rab2a and negative correlations for Tmem182, Txndc9, Ccne2, Pdcl3, Tgif1, and Eif5b. The Arhgap28 gene showed significant positive expression correlations with Dlgap1, Ndc80, Ypel5, Spast, Smchd1, Phf3, and Car8 and negative correlations with Epb4.1l3, Ccne2, Pdcl3, and Lclat1. Thus there are significant correlations between the expression patterns of all three of the primary chr 17 genes with each other and with other genes. Correlations in expression between Epb4.13, Runx1t1, and Mfsd9 are consistent with their effects on conversion from four-cell to blastocyst stage in the SNCT:parthenote data (Table 4) and provide a potential avenue for a cooperative interaction among the three significance intervals on chr 1, 4, and 17.
Ingenuity pathway analysis
To test further for cooperativity between the genes examined in this study, we undertook a biofunction and pathway analysis using the Ingenuity Pathway Analysis (IPA) program. One utility in the IPA program is a search of the IPA database for overrepresentation of members of a gene list among known biological functions and pathways. This analysis reveals known associations with two or more genes in a common biological function and indicates whether such functions are associated with a given experimental condition. Several potential gene associations were identified using the list of 26 genes displaying significant associations between expression and cloning traits (Table S9) . One was the combination of Dlgap1, Phf3, Rab2a, and Spast, encompassing genes from chr 1, 4, and 17 regions. Another combination was Aff3, Asph, and Chd7 from chromosomes 1 and 4. These combinations were retrieved for functions related to cell signaling and morphogenesis. There were many other combinations of just two genes. The Epb4.1l3 gene occupied combinations with Dlgap1, Asph, Spast, and Car8 and was connected indirectly to other genes via the other biofunction combinations.
A second utility offered by the IPA program is the ability to observe networks and pathways of interactions, both among members of the query gene list and with genes not on the list. Two networks were retrieved for the 26-gene query. One network contained 9 members of the list and another contained 15 members, indicating strong functional association among the 26 genes. Both networks have at their centers ubiquitin C (UBC), indicating that many of the candidate genes tested are regulated directly or indirectly by protein ubiquitination. Additionally, Network 1 ( Figure 3A ) indicated significant connectivity for EPB4.1L3 and NDC80, as well as HNF4A and NFKB. Network 1 was modified by the inclusion of the ezrin-radixin-moesin complex, known to associate with EPB4.1L3 and with other actin-associated molecules such as TXNDC9 and TBC1D8, particularly in association with the plasma membrane where microfilaments and microtubules can provide crucial structure to facilitate signaling interactions. Network 2 ( Figure 3B ) included DLGAP1 as another key regulator of signaling at the plasma membrane. Note that the two networks can be connected via UBC. Each of the two networks contains one of the top chr 17 candidates from the region showing significant LRS values (Epb4.1l3 and Dlgap1) connected to UBC and downstream to many potential mediators, including a range of nuclear factors that include Runx1t1 from the chr 4 interval with a significant LRS value and Tgif1 from near the chr 17 significance interval. Neither network incorporated Mfsd9 or Tmem182, the two genes located adjacent to the chr 1 significance region, but other chr 1 genes (Phf3, Txndc9, Aff3, Pdcl3, and Tbc1d8) were present.
Because the genetic analysis indicated a possible interaction of the chr 17 interval with a region on chr 6, we also combined the 26 genes here with genes from the potential interacting region on chr 6 and submitted this combined list for IPA analysis. This yielded four networks, one of which included Dlgap1 and one that included Epb4.1l3 (Figure 3 , C and D). In general, the chr 6 gene associations were via UBC and HNF4A as above ( Figure 3C , Figure S1 , and Figure S2 ). None of the four networks indicated direct dependent interactions between the chr 6 genes and any of the 26 genes tested. Array data indicated that the Aak1, Antxr1, Gfpt1, Copg, Rab7, Sec61a1, and Pdzrn3 mRNAs are expressed in MII oocytes, with Antxr1 (lower in D2) and Pdzrn3 (higher in D2) displaying .25% differences in expression between B6 and D2, both of which reside in the network shown in Figure  2 , which incorporates actin and clathrin as key components.
Gene sequence variations between haplotypes for candidate genes
Because sequence variation could affect protein activity and hence gene function apart from differences in mRNA expression abundance, we compared the B6 and D2 sequences for polymorphisms (Tables 5 and Table S10 ). Seventeen of the 26 genes studied in detail display polymorphisms in the 39-UTR. Five of the genes studied (Phf3, Pdcl3, Arhgap28, Ndc80, and Spast) display polymorphisms affecting protein-coding region. Notable among these is the Arhgap28 gene, which displays numerous polymorphisms in the 39-UTR and two genetic variants in the coding region. This is the only gene among the 26 candidates and lying in or near the intervals with significant LRS values that displays variants in the coding region. The Phf3, Pdcl3, Ndc80, and Spast genes also display genetic variants in the coding regions. Polymorphisms in the 39-UTRs for some mRNAs Figure 2 Summary of identified candidate genes. Genes having the most significant genetic and expression associations with phenotype are denoted by boldface type. Progressively smaller type sizes denote genes with progressively lesser associations but apparent SCNT-specific phenotype effects. C denotes cytoskeletal or spindle associated proteins. T denotes transcription and chromatin regulators.
may also contribute to the observed differences in oocyte expression.
Discussion
For the first time, a systems genetics approach has been applied to the analysis of variation in oocyte composition associated with the ability of different genotypes of oocytes to support early development of cloned embryos made by somatic cell nuclear transfer. The results provide new insight into clone biology, oocyte quality, and key early processes in mammalian embryogenesis. Overall, the analysis yielded polymorphic candidate genes related to two functional categories: (1) microtubule-and microfilament-associated proteins associated with the subcortical cytoskeletal network and spindle, and (2) a small number of proteins related to transcriptional control and chromatin remodeling. The analysis revealed a major locus controlling cloning outcome on chr 17, with additional regions on chr 1 and 4 (Figure 3) .
The strongest genetic and expression-phenotype associations were derived for two genes on chr 17 that encode cytoskeletal scaffolding proteins, Epb4.1l3 and Dlgap1, yielding the novel discovery that cytoskeletal architecture plays a key and specific role in meeting specific developmental requirements of cloned embryos. Both Dlgap1 and Epb4.1l3 are components of the cortical cytoskeleton network and likely play roles in supporting cellular signaling. The Epb4.1 family comprises scaffolding proteins that interact with the ezrin-radixin-moesin complex and play a role in tethering the cortical actin-spectrin complex to the plasma membrane, regulating cell shape, intercellular junctions, ion balance, signaling, and control of cellular proliferation (Kuns et al. 2005; Terada et al. 2005; Cifuentes-Diaz et al. 2011) . Dlgap1 encodes a scaffold protein also known as GKAP/SAPAP1, which controls receptor functioning as well as microtubule dynamics and organization near the cell cortex and promotes centrosome positioning (Manneville et al. 2010) . Hence, these two proteins are positioned to exert profound effects on diverse cellular processes and are the strongest candidates for playing a role in cloned embryo development. Arhgap28 encodes a signal transduction protein that may interact with the cortical cytoskeletal complex. The Epb4.1l3 gene was expressed more highly in D2 oocytes whereas the Dlgap1 gene was expressed less in the D2 oocytes than in the B6 and B6D2 F1 oocytes. The Epb4.1l3 gene expression was positively associated with SCNT embryo from two cell to four cell and blastocyst but its SCNT-specific component appears to be negative. The Dlgap1 gene was expressed at a greatly reduced level in D2 oocytes and displayed a negative SCNT-specific effect and generally negative effects that were not limited to clones. These data are most consistent with a positive effect of the D2 haplotype in this region on cloned embryo development mediated by lower Dlgap1 expression and non-SCNTspecific positive effects of Epb4.1l3 at early cleavage stages.
The expression Arhgap28 was also associated strongly with cloning phenotype, displaying a specific negative association with cloning outcome. Other candidate genes were related to cytoskeletal function as well. TXNDC9 (aka PHLP3), a phosducin, is required for proper actin and tubulin function (Stirling et al. 2006) , and hence could interact directly or indirectly with Epb4.1l3 and Dlgap1 at the cortex. Interestingly, another gene studied on chr 1, Pdcl3, encodes another phosducin that also promotes cytoskeletal remodeling (Hayes et al. 2011) and could likewise play a role in controlling the cortical cytoskeleton. EIF5B could positively affect protein translation (Lebaron et al. 2012) . Spast encodes a microtubule-severing protein (Fassier et al. 2012) and thereby contributes to cytoskeleton regulation. Three other expressed chr 17 genes from a suggestive interval but not included in our analysis due to uncertain functional relevance (Memo1 and Myl12a, Myl12b) encode regulators of myosin contractility and cellular motility. The qRT-PCR results for one of these genes on B6, D2, and B6D2 F1 oocytes revealed only modest differences in mRNA expression. This novel putative role for cytoskeletal proteins to meet the specific developmental needs of cloned embryos could reflect a specific need to restore cytoskeletal architecture after SCNT. This architecture may provide essential scaffolding functions that enable autocrine and paracrine signals to be transmitted inwardly to the nucleus, as well as enabling crucial homeostatic processes at the surface. Asph encodes a protein that post-translationally modifies epidermal growth factor domains in many proteins, deficiency for which is associated with later developmental defects (Dinchuk et al. 2002) . The cytoskeletal architecture may also play crucial roles in controlling spindle formation and positioning or the positioning of organelles such as endoplasmic reticulum and mitochondria. ER positioning affects protein trafficking as well as calcium signaling (Soboloff et al. 2012) . Mitochondrial positioning in close proximity to the genome could be important for providing ATP for reprogramming.
Another interesting possibility is that the cytoskeletal architecture plays a key role in establishing cellular potency. Other studies have pointed to essential roles played by a socalled subcortical maternal complex and cytoplasmic lattices, with potential roles in translational control and ultimately regulation of subsequent embryonic processes in mouse twocell embryos Ohsugi et al. 2008; Yurttas et al. 2008; Kim et al. 2010; Kan et al. 2011) . Even earlier studies reported interesting associations between microtubule acetylation, localization to the cortical region at the basal side of blastomeres, and subsequent partitioning to the inner cells, so that the microtubules might contribute to determining cell fate (Houliston and Maro 1989) . It should prove interesting to discover whether the candidate gene products identified here, particularly EPB4.1L3 and DLGAP1, interact with subcortical maternal complex or other cytoskeletal elements to control early embryo development and whether this cytoskeletal architecture plays a regulative role in determining developmental potency and early cellular specializations.
It is also intriguing that some of the significant associations revealed here relate to spindle formation and function. There are significant protein composition deficits in the spindles that form in cloned constructs before activation and in mitotic spindles of at least the first couple of cell cycles (Miyara et al. 2006) . Chromosome congression defects, mitotic errors, and aneuploidies in individual blastomeres of cloned embryos may be one consequence of this (Nolen et al. 2005; Miyara et al. 2006; Mizutani et al. 2012) , reducing the number of viable cells and overall embryo viability. One major defect in these spindles is a deficiency in clathrin heavy chain, which bundles together microtubules and promotes spindle formation. Enhancement of clathrin heavy-chain expression improves chromosome congression in cloned embryos (Han et al. 2010b) . The data here suggest that variations in expression of other proteins may compound these spindle defects, so that the rate of aneuploidies observed could vary with recipient oocyte genotype. One gene examined here, Ndc80, regulates oocyte spindle formation, chromosome alignment, and cell-cycle progression (Sun et al. 2011) and is associated with the kinetochore where it regulates microtubule dynamics (Umbreit et al. 2012) . Ccne2 is associated with Ndc80 in the IPA analysis and could be associated with mediating checkpoint control. YPEL5 associates with the centrosome and spindle and promotes cell proliferation (Hosono et al. 2010) . Proteins such as NDC80 and SPAST along with DLGAP1 may work together to regulate spindle or centrosome formation and function in cloned constructs. Further studies of how genetic variation in the expression of these proteins interacts with spindle deficiencies arising from the SCNT method should provide new insight into how the overall process of spindle formation is regulated. Moreover, understanding the roles played by these genes in oocyte spindle biology could provide new understanding related to the exponential increase in oocytes having defective spindles and chromosomal aneuploidies with age and onset of female reproductive senescence (Hunt and Hassold 2008) and may enable better management of this decline based on patient genotype information.
Although the major result from this analysis is a focus on cytoskeleton-associated proteins, this is not to discount the potential importance of transcription regulators such as Runx1t1, Smchd1, and Chd7. A significant role for these proteins is indicated by the identification of the intervals that contain these genes as having significant (Runx1t1) or suggestive (Chd7, Smchd1) LRS values. Stronger associations of Chd7 and Smchd1 might emerge with analysis of additional genotypes. Even lacking significant LRS values for these suggestive regions, the correlations between their expression and phenotypic traits among the BXD strains and the known biofunctions of these genes indicate that further study of these genes for roles in normal and cloned development is warranted.
Runx1t1 displayed a significant negative expression association with the SCNT and SCNT:parthenote four-cell to blastocyst transition traits. This indicates that the Runx1t1 gene exerts a specific negative effect on overall cloned embryo development. Runx1t1 appears in a gene network along with Epb4.1l3 and Arhgap28 (Figure 2A ). RUNX1T1 (aka ETO) is a transcription factor that is joined to AML1 by chromosomal translocation to generate a leukemia gene, binds to DNA, and recruits histone deacetylase to repress gene expression (Erickson et al. 1994; Gelmetti et al. 1998) . Increased RUNX1T1 activity could thus inhibit development.
The specific negative relationships seen between expression and clone development for Chd7 and Smchd1 may reflect effects on nuclear reprogramming or X chromosome regulation. CHD7 is a chromodomain helicase that either negatively or positively modulates gene expression, including ES-cell-specific genes, although negative regulation is described as the more direct effect (Schnetz et al. 2010) . CHD7 colocalizes in ES cells with POU5F1 (OCT4), SOX2, and NANOG and negatively modulates many genes selectively expressed in ES cells. SMCHD1 plays a key role in X-chromosome inactivation (Blewitt et al. 2008; Gendrel et al. 2012) , which is also aberrant in cloned embryos (Nolen et al. 2005; Jiang et al. 2008; Inoue et al. 2010 ). It will be very interesting to determine the roles of these two factors in reprogramming during cloning and whether they might aid in vitro reprogramming by exogenous factors to make induced pluripotent stem cells.
Another transcription factor gene, Zfp161, lies within the chr 17 significance interval but was excluded on the basis of a lack of expression correlation with developmental phenotypes of the initial 6 BXD lines studied. This gene represses Myc (Sobek- Klocke et al. 1997) . Myc promotes cell proliferation in stem cells and at later stages (Yamanaka 2008 ), but overexpression has little effect on early cleavage (Pan and Schultz 2011) . While MYC may contribute to cell-cycle regulation and possible stress responses, particularly in advanced stage preimplantation embryos (Xie et al. 2007) , the lack of a correlation between Zfp161 expression and clone development argues against a specific role here. Additionally, the absence of genetic polymorphism in the coding region (Table 4 and Table S9 ) argues against a genetic effect at the level of protein structure.
We note the recent discovery that genome scanning approaches correlating genetic variants with phenotypic differences, such as that employed here, have the potential for yielding novel noncoding regulatory elements, such as enhancers and other chromatin regulatory elements (Dunham et al. 2012) . The interactions of these elements can extend over large distances along the chromosome. We note, however, that the sizes of the combined significant and suggestive candidate intervals included in our study are large (12.7-cM chr 1, 7-cM chr 4, and 9.5-cM chr 17) and so provided the opportunity to detect significant variations in affected target genes. By evaluating the levels of expression and comparative expression levels between B6, D2, and B6D2 F1 genotypes for genes throughout these regions, we have provided a rigorous coverage of known gene products most likely to be affected by regulatory elements that could exist in the intervals with significant LRS values. Moreover, our identification of several genes that display strong and significant correlations between expression and phenotype, both individually and in combination, while also demonstrating known functional relationships in gene networks, provides high confidence in the newly ascribed relationships of these genes to clone biology.
Other genes examined in this study display relationships between expression and development and thus are likely to contribute to the overall success of cloned embryo development. Four genes displayed notable associations between expression and development that were not specific to cloned embryos (Txndc9, Eif5b, Tmem182, Spast). The Txndc9 and Eif5b genes are a bidirectionally coregulated gene pair (Garcia and Nagai 2011) . These two genes displayed negative expression associations with development of both cloned and parthenogenetic embryos, so the associations were not specific to cloned embryos. Some of the associations seen were not in agreement for the two genes, raising some question about their relevance. However, it is noted that the zygotic REDOX state can affect postnatal phenotype (Banrezes et al. 2011) . Participation of Txndc9 in such regulation could contribute to SCNT development. Other genes displayed a combination of specific and nonspecific associations between expression and development at different stages. Early, specific associations were seen for genes on chr 4 (Ccne2) and chr 17 (Tgif1, Smchd1, Car8, Ypel5, Esrp1, Lclat1). Later stage-specific associations were seen for genes on chr 1 (D1Bwg0212e), chr 4 (Chd7, Car8, Asph), and chr 17 (Ndc80).
Still other genes not selected for detailed study but lying within the candidate intervals could be proposed to play a role in cloned embryo development. DNA repair genes, for example, could be important for repairing DNA damage in the somatic donor nuclei, or damage that might arise during SCNT, and could also play roles in DNA replication. DNA base excision repair can contribute to epigenetic transitions (Sarkies et al. 2010; Seisenberger et al. 2013) . Of the two DNA repair genes residing within the candidate intervals, Rev1 displayed little difference in expression between B6, D2, and B6D2 F1 genotypes and was excluded on that basis, while Rad54b mRNA was expressed at a low level in MII oocytes and displayed a modest difference in expression between B6, D2, and B6D2 F1 oocytes on arrays. Noncoding RNAs present in the ooplasm could be proposed to play important roles. We examined noncoding RNA genes in or near the intervals with significant LRS values without positive results. As described above, these genes were typically excluded as candidates on the basis of two or more criteria including available expression data, making them far less likely candidates than those selected for analysis.
One final point to consider is what these results tell us about the determinants of oocyte quality and how this relates to clinical reproductive medicine outcomes. The differences in expression between MII oocytes of the different genotypes highlight the importance of not assuming that all oocytes are created equal. Indeed, there is substantial genetic variation in oocyte phenotype revealed among these BXD strains, which would be analogous to variation among family members; the amount of variation among a broader spectrum of individuals should be at least this great. This suggests that microsurgical approaches that assume uniformity among oocytes from different patients may reap unexpected outcomes. This also suggests that genetic data for patients could be useful in evaluating relative risks or likely success of clinical procedures and may be useful to modify clinical procedures to optimize them for specific individuals. Figure S1 Ingenuity Pathway Analysis networks summarizing additional gene interactions amongst the 26 genes assayed for expression on all 28 strains combined with genes from the potential interacting locus on Chr 6. This network illustrates pathways with connections to UBC. Genes indicated in light, medium and dark shades of red correspond to genes from intervals on Chr 1, 4, and 17, respectively. Genes in green are from Chr 6. Numbers in parentheses indicate Chr assignments. PP, protein--protein interaction; PD, protein--DNA interaction; E, expression; A, activation; T, transcription; RB, regulation of binding; I, inhibition; LO, localization; CP, chemical--protein interaction; M, biochemical modification; solid line, binding only; line with arrow, downstream effect; broken line, indirect interaction; vertical diamond, enzyme; horizontal diamond, peptidase; horizontal oval, transcription factor; down--pointing triangle, kinase; up--pointing triangle, phosphatase; circle, other.
Figure S2
Ingenuity Pathway Analysis networks summarizing additional gene interactions amongst the 26 genes assayed for expression on all 28 strains combined with genes from the potential interacting locus on Chr 6. This network illustrates pathways with connections to HNF4A. Annotations and symbols are as described in Fig. S1 .
Gene symbol Assay ID
Chr 1
Custom: For: GAAAGCAACTCAGCTGAAGAACAAA; Rev: CGCCGGCTTTCGTAACTTCT;
Mm01239470_m1 The markers from each region used for the test are given, and genomic regions that may intract in determining the SCNT developmental progression (trait) specified are shown in rightmost column. 
